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INTRODUCTION

The elucidation of gene order in chromosomes, influencing
both linkage and coregulation, is at the heart of genetic anal-
ysis. Indeed, the characterization of any mutation or cloned
gene traditionally includes the determination of its position on
the chromosomal map. Further, questions about the structural
maintenance of the chromosome itself can be approached by
comparative physical and genetic mapping of chromosomes.
However, viewing the genome in one dimension may not be
sufficient to understand genome organization comprehen-
sively, if the object of evolutionary conservation is its three-
dimensional structure.
Beginning in the early 1980s, several experimental ap-

proaches made it possible to map megabase-size DNAs:
pulsed-field gel electrophoresis (PFGE)-related methods, gene
encyclopedia construction, and total DNA sequencing. The
ideal targets for these physical approaches are bacterial ge-
nomes, with sizes ranging from 600 kb for Mycoplasma geni-
talium (22) to 9.5 Mb for Myxococcus xanthus (14). Aligning
genes to physical maps generated by these approaches has
surpassed traditional techniques for constructing bacterial ge-
netic maps.
Many chromosomal maps of different bacteria have been

produced by traditional genetic methods. Some of these maps
have hundreds of genetic markers: there are 1,717 on the last
version of the Escherichia coli map, of which 300 were located
by physical mapping (71). Purely genetic maps have a few
serious disadvantages. First, their construction is labor-inten-
sive. Also, because genetic maps provide distances measured in
units derived from recombination frequencies, they are sensi-
tive to recombination hot spots. The physical distance equiva-
lent to 1% of the E. coli linkage map varies from 33 to 60 kb
(80). The genetically linear chromosomal map of Caulobacter
crescentus turned out to be physically circular, with proximal
(unlinked) markers being only 400 kb apart. This genetic sep-
aration is ascribed to a recombination hot spot in the Ter
region (31).
The basic questions mentioned above, plus the availability of

several convenient mapping techniques, have resulted in the
construction of physical maps of many bacterial genomes.
More than 90 studies dealing with physical mapping of bacte-
rial genomes were published in the last 7 years. The five purely
genetic maps produced during the same period is a fair reflec-
tion of their relative difficulty. In this minireview, we summa-
rize the principal methods used for map construction, salient
features of the maps produced, and applications of the gene

encyclopedias for questions of genome evolution, rapid map-
ping of cloned genes, and global studies of gene expression.
We also refer readers to a recent article by Cole and Saint
Girons (21), published as this minireview was being completed.
They cover much of the same ground and include tabular
compilations of methods used and genome sizes. Their article
should also be consulted for speculations on the evolution of
genome size and the conservation of genome architecture.

MAPPING STRATEGIES

PFGE-generated maps. In conventional gel electrophoresis,
all DNA fragments larger than a certain size migrate with the
same speed. This size depends on the agarose concentration
and is about 50 kb in 0.4% agarose gels. To start moving, DNA
fragments have to be properly oriented along the force lines of
the electric field. The time required for this orientation is
proportional to the size of the DNA fragments over a broad
range of sizes. Large molecules can be effectively separated in
a constantly reorienting electric field on the basis of this size-
dependent time required for reorientation.
A device based on this principle, together with its mapping

applications, appeared in a revolutionary article introducing
PFGE (76). The originally nonhomogeneous electric field in
this early version of PFGE has been changed to a uniform
electric field in numerous improved versions, employing sepa-
rately regulated point electrodes and different angles between
switching electric fields, rotating the gels, or switching the
direction in the thickness of the gel. The upper limit of repro-
ducible size resolution has been increased to 10 Mb, far beyond
the needs of physical mapping in prokaryotes.
The problem of generating high-molecular-weight DNA to

be used as the substrate for separation in PFGE was solved by
embedding whole bacterial cells or protoplasts in low-melting-
point agarose with subsequent lysis. After detergent and pro-
teolytic treatments, cell components are simply washed out,
leaving intact chromosomes immobilized in agarose. The use
of pipettable agarose beads or melting DNA samples after
digestion (for restriction fragments smaller than 1,000 kb)
makes the loading of tiny agarose blocks unnecessary. If con-
ditions for the removal of cell walls from target cells can be
found, subsequent preparation of DNA samples from most
sources is routine and highly reproducible.
Physical genome analyses require restriction enzymes with

recognition sequences (RSs) that can split bacterial genomes
into a limited (1 to 20) number of fragments. When the PFGE
epoch began, we had only two restriction enzymes with eight-
base sites, NotI (GCGGCCGC) and SfiI (GGCCnnnnGGCC).
We now have nine others, both AT-rich (SwaI [ATTTAAAT],
PacI [TTAATTAA], and PmeI [GTTTAAAC]) and GC-rich
(SgrAI [CACCGGCG], Sse8387I [CCTGCAGG], SrfI [GC
CCGGGC], SgfI [GCGATCGC], FseI [GGCCGGCC], and
AscI [GGCGCGCC]), listed in the Rebase database of R.
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Roberts. Reduced representation of certain oligonucleotides
in bacterial genomes and simply different GC contents of tar-
get DNAs and RSs increase the number of restriction enzymes
that can be used as ‘‘rarely cutting,’’ adding many enzymes with
six-base RSs. A full list of such enzymes with respect to the GC
composition of bacterial chromosomes has been published
elsewhere (57).
Another source of rarely cutting restriction enzymes are the

proteins that participate in intron processing. Having very
large RSs of 18 bp or even 26 bp (54), they can provide unique
cleavage points in bacterial genomes and can also be very
useful markers for certain genetic elements. For instance, the
26-bp RS of CeuI is conserved in the rrl gene (23s rRNA) of
many eubacteria (54) and absent from the rest of the genome.
The CeuI restriction maps for several strains of E. coli and
Salmonella typhimurium revealed almost absolute conservation
of the rrn ‘‘skeleton’’ for these two genera. For more than a
dozen physically mapped bacteria, rrn operons seem to con-
serve sets of RSs extremely rare in the rest of the genome.
Additional tools are provided by the introduction of rare

cleavage sites to the genome. Tn5 insertions can be conve-
niently localized on restriction fragments in PFGE because of
the NotI site in its IS sequence (81). This approach, with
numerous modifications, was successfully applied in at least a
dozen mapping projects.
The lambda cos site (with a minimal functional size of 60 bp)

can be delivered to specific sites by an integrating vector (87).
The in vitro interaction between the lac operator and lac re-
pressor can be used to protect theHaeII site in the lac operator
from methylation; subsequent HaeII cleavage split the 160-kb
NotI fragment of E. coli and entire yeast chromosomes
uniquely where lacO was integrated (46).
Other methods depend only on the availability of sequencing

information in the area to be cleaved. A model oligonucleotide
able to form a stable DNA triple helix led to specific unique
cleavage, because of the methylation protection of this region
(83). The actual integration of such a sequence is not necessary
because DNA stretches capable of forming such structures can
be found in the sequences of most target organisms. By adding
RecA to a similar system, one can use an oligonucleotide
complementary to any target DNA (45).
The three elements, the ability to extract intact bacterial

chromosomes, the ability to cut them into a limited number of
pieces, and the ability to separate those pieces by PFGE are
the basis of long-range physical bacterial genome mapping.
Strategies designed to order the fragments observed with
PFGE are discussed below.
All existing mapping procedures have weak points. Only by

applying several procedures together can a reliable physical
map be produced. The first physical-genetic map of a bacterial
genome was constructed for E. coli EMG2 (80). Most of the
approaches used in recent mapping projects were introduced
in this article (80) and the following article (81). The use of
linking probes and Tn insertions marked by a rare cutting site
and establishment of the fragment order by probing partial
digests with a unique probe were all used to order 22 NotI
fragments on the 4.7-Mb chromosome of E. coli. However, the
important conclusion—colinearity of the physical and genetic
maps of bacteria—was not rigorously justified, because a con-
siderable part of the fragment ordering was done according to
the genetic positions of the probes used. A detailed practical
comparison of the efficiencies of existing mapping strategies
can be found elsewhere (64). All the approaches mentioned
above plus two-dimensional (2-D) PFGE and hybridization
fingerprinting of macrorestriction fragments (MRFs) were

used to locate 25 SpeI and 33 AseI MRFs in the 9.35-Mb
genome of Stigmatella auriantica DW4/3.1 in this study.
Methods based on DNA hybridization. (i) Hybridization

with eluted MRFs. The hybridization of PFGE-generated gel
blots with eluted MRFs has been used widely to link fragments
produced by two different enzymes. Repeating such steps can
in principle expand the linked area until the map is completed.
Problems with fragment ordering arise if the overlap region is
significantly shifted toward one end of a probe or if a probe
covers more than three MRFs. In addition, repeated elements
can produce false positives, as in all approaches based on
hybridization. In at least one study (Neisseria gonorrhoeae
FA1090 [28]), linking with MRFs was unreliable because of
repeats. Even the smallest MRF probe revealed numerous
confusing bands. The ability of random PCR to reduce the
complexity of a probe generated on a template of an eluted
MRF, which avoids most problems due to repeats, is demon-
strated in a partial SmaI and CspI map of Staphylococcus
aureus (69).
(ii) Unique probes. Another variation is the use of unique

cloned fragments to staple MRFs generated by several en-
zymes. One such probe will not link two fragments but only
establish an overlap for MRFs generated by different enzymes.
However, by using a sufficient number of probes, it is possible
to assemble the whole genome map. Very often this is used in
combination with partial digestion, where a unique probe for a
particular MRF is used to visualize the products of partial
digestion of the MRF (21). The sizes of adjacent fragments can
then be calculated with data from a complete digest. The
fragments used for probing may be mapped genes or simply
random clones. Locating gene probes can also be done in the
opposite order, by transformation of the MRFs into auxotro-
phic strains.
(iii) Linking probes. Adjacent MRFs can also be assigned by

using linking probes, which are cloned DNA fragments har-
boring rare RSs. Hybridized against a PFGE-generated blot,
such a fragment should reveal two adjacent MRFs. Selective
schemes in which insertion of an antibiotic resistance marker
into rare sites was used to find linking clones, together with the
direct restriction screening of gene libraries, have been de-
vised. To find linking probes in a gene library of Synechococcus
sp. strain PCC 7002 (15), chromosomal DNA was digested with
NotI, cohesive ends were labeled by polymerase reaction and
used as a probe after RsaI digestion, which removed most of
the MRF. Modification of the use of linking probes has also
been shown (42), where 26 SfiI and most of the 70 NotI sites
were mapped onto the 4,165-kb genome of Bacillus subtilis 168
(CU741). Rare sites were mutated in the linking clones and
reintroduced into the chromosome. The disappearance of two
fragments, indicating linkage, was detected in all these cases.
Another top-down approach was used to link 25 AseI and 14
XbaI fragments in the 3.7-Mb chromosome of Rhodobacter
capsulatus. Eluted MRFs were blotted onto a dense-grid array
of a cosmid library. Cosmids revealed by two different MRFs
linked adjacent fragments (34). As with any method based on
hybridization, the use of linking clones has a tendency to pro-
duce false positives, because of repeated sequences.
(iv) Hybridization fingerprinting. To reveal fragments that

can link MRFs of interest, chromosomal digests generated
with an ‘‘intermediately rare cutter’’ were probed with these
MRFs. If two MRFs identified bands with similar mobilities,
they were said to be linked (64).
Combinatorial methods. Methods based on combinatorial

analyses of different multiple digests are not sensitive to re-
peats and can be applied to organisms carrying many repeated
sequences. However, these methods are more dependent on
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the accuracy of PFGE than other strategies and are not always
able to link all MRFs into a unique structure. The most ad-
vanced among this group of methods is 2-D PFGE, applied to
genomes ranging in size from 780 kb for Mycoplasma mobile
ATCC 43663 (4) to 5.9 Mb for Pseudomonas aeruginosa PAO
(73) and even 9.4 Mb for Stigmatella auriantica DW4/3.1 (64).
Chromosomal fragments digested partially or completely and
resolved by PFGE are subjected to full digestion with the same
or another rarely cutting enzyme. The products of the second
digestion are separated by PFGE in the direction perpendic-
ular to the first PFGE run. MRFs of the second digest that are
derived from the same fragment of the first digest are posi-
tioned at the same latitude. In principle, one 2-D gel is suffi-
cient to align all MRFs generated by a pair of rarely cutting
enzymes (by simple combinatorial analysis). Revealing the
MRFs via end labeling instead of ethidium bromide staining
significantly improves the image quality (73). However, this
method is very sensitive to gel imperfection. A less sophisti-
cated modification of this method is the redigestion of eluted
MRFs, which looks less state of the art but is easier to set up
than the 2-D gels.
In the case of a very limited number of fragments, simple

comparison of the products of full and partial digests can
produce a restriction map. Six HpaI sites were positioned on
the 1.74-kb chromosome of Thermus thermophilis this way (7).
Unfortunately, this approach depends on the accuracy of size
evaluation in the size range where this is least reliable. The
positions of a few restriction sites (usually less than five for
each enzyme) in the chromosomes of several bacteria were
derived from such partial digests, for example Thermococcus
celer (66). A similar combinatorial approach based on double
digest analysis was used to place a few of the SwaI, PacI, PmeI,
and CeuI sites onto the chromosome and megaplasmids of
Rhizobium meliloti 1021 (40).
A cartridge carrying a RS was placed into 21 genetically

mapped genes of Bradyrhizobium japonicum 110 to reveal over-
lapping MRFs by splitting them (48). An early NotI map of B.
subtilis was generated via 54 genetically mapped integrated
Tn917 (86). Most of the physical maps for Salmonella spp. are
also based on a genetically mapped Tn10 collection (55). In
addition to linking genetic and physical maps, Tn elements
were used as random physical markers, helping to establish
MRF overlaps by introducing sites for rarely cutting enzymes
or simply as targets for blot hybridization. Recently, a special
derivative of Tn4001 (harboring 32 unique sites for rarely cut-
ting enzymes) was used for the physical mapping of Achole-
plasma oculi ISM1499 (85).

GENE ENCYCLOPEDIAS

In 1987, the advantages of another approach to the physical
study of bacterial genomes, the so-called gene encyclopedia,
were demonstrated in the article by Kohara et al. (44). We
apply the term gene encyclopedia to a gene library, in which
cloned DNA fragments are ordered in a sequence reconstruct-
ing the gene order of the chromosome. The term N-fold or
N-hit gene library is used regarding the representivity of the
library, where N is the number of genome equivalents calcu-
lated as the number of clones multiplied by the insert size and
divided by the genome size. A 10-hit library is generally suffi-
cient for a mapping project. A contig is an uninterrupted group
of linked or ordered clones. A miniset is an ordered group of
clones covering a genome of interest with minimal overlaps. A
gap in a gene encyclopedia is an area of the genome not
represented in the encyclopedia because of unclonability or
statistical reasons. The latter is called a statistical gap.

Construction of a gene encyclopedia can be divided into two
stages. The first stage is the construction of a representative
gene library with the minimal number of rearranged clones.
The second stage is assembly of the clones by detection of their
overlaps. As in PFGE-related projects, there are two ways to
detect overlaps. One is based on DNA hybridization, and the
other is based on a comparison of restriction maps or patterns.
Library construction. Two major factors, stability of the

cloned material and insert size, influence the choice of a clon-
ing system. Yeast artificial chromosomes (YACs), l vectors, P1
vectors, cosmids, and Ori F plasmids are now available as tools
for the cloning of large DNA fragments. l vectors, used in
early projects of gene encyclopedia construction (Saccharomy-
ces cerevisiae [67] and E. coli [44]) are believed to guarantee
stability of the cloned material. However, seven gaps in Koha-
ra’s E. coli encyclopedia in l had to be closed by using the
cosmid pOU61 (43). Cosmid vectors, mainly harboring l Ori
(36), were used for the construction of many bacterial ency-
clopedias. These l Ori cosmids have constant copy numbers,
independent of the size of the insert, which greatly reduces
segregation selection for deletion variants. YACs have the
advantage of very large insert size. YAC4 was used for B.
subtilis (2), known for unstable propagation of its cloned DNA
in E. coli, and forM. xanthus (49). In the first work, 10% of the
YACs were found to be rearranged by hybridization with ge-
netically mapped genes and had to be removed from further
study. P1-derived vectors, which accommodate 90-kb inserts,
have been used successfully as supplementary systems in many
eukaryotic projects (for example, reference 39). For the prom-
ising new group of Ori F cloning vectors (79), not enough
experience has been accumulated yet. At present, l Ori cos-
mids like Lorist 6 (36) appear to be among the most reliable
and convenient tools for gene library construction and ency-
clopedia assembly.
Encyclopedia assembly. Ordering the clones of a gene li-

brary requires establishing the overlaps between them. An
important parameter, the minimal detectable overlap (MDO),
is the portion of the insert required for detection of linkage
related to the whole insert. The difference in the number of
clones necessary to assemble a certain number of contigs is
10-fold between cases of 20 and 80% MDOs (9). Estimates
predict 10 gaps (rather, unfound links) in a sevenfold library in
the case of 20%MDO, whereas 60 gaps will exist in the case of
50% MDO (25). Criteria for a good fingerprinting approach
were formulated in this review. However, hybridization meth-
ods were unjustifiably excluded from consideration. One arti-
cle (24) is devoted to the comparison of fingerprinting and
hybridization strategies in clone alignments. Fingerprinting
was found to be insensitive to repeats and to have a small (log)
increase in mapping efforts with increase in the size of the
project. For hybridization approaches, reduction of the size of
the MDO compensates for linear increase of both probe and
clone number caused by an increase in the genome size. These
efforts can be further reduced by using different means of
grouping the hybridized clones. A total of 36,000 colonies can
be spotted on filters (22 by 22 cm) by a new robotics device and
analyzed at once (59). Alternatively, plating 3X3X96 colonies
per petri dish-size filter is easy and does not need expensive
hardware (for example, reference 34).
Fingerprinting approaches. Purely ‘‘fingerprint assembly’’

was used in the initial stages of the S. cerevisiae mapping
project (67). EcoRI plus HindIII restriction patterns of 5,000 l
clones were assigned to 680 contigs. With an average of eight
restriction fragments per hybrid clone, the MDO for this study
was .50%. More-precise measurements were used in genome
mapping of Caenorhabditis elegans (23). Cosmid clones were
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cleaved with HindIII, end labeled, and redigested with Sau3A.
The resulting fragments were separated with sequencing gels,
and only labeled fragments were visualized on X-ray films. The
high accuracy of separation increased the reliability of estab-
lished overlaps. Still, the MDO was about 50%. This stage of
the genome project of Caenorhabditis elegans ended with 860
contigs ranging from 35 to 350 kb. Eventually, both the S.
cerevisiae and C. elegans projects were finished successfully by
using combined approaches.
The application of direct fingerprinting to prokaryotic

projects can be illustrated with several examples. For Desulfo-
vibrio vulgaris, 879 l clones representing its 1,720-kb genome
were combined in 87 contigs (26). Similar work with E. coli
MG1655 produced 68 contigs (25). However, by using the
same pattern comparison with sequencing gels, it was possible
to assemble 1,000 cosmids of a Mycobacterium leprae library
into only four large contigs (30). HinfII fingerprinting of the
cosmids from an E. coli 803 library produced 58 contigs, cov-
ering four of seven gaps in the Kohara library. More-directed
search and a low-copy-number vector were used to close the
remaining three gaps (43).
A total of 1,025 l clones from an E. coliW3110 library were

assembled in 70 contigs covering 94% of the genome by com-
paring restriction maps of the cloned DNA fragments (44). A
criterion of having at least five common fragments in an over-
lap gives 10 to 25% MDO. As calculated in reference 25, this
guarantees less than 1/1,000 false overlaps. ‘‘Cosmid walking’’
with another 2,344 clones produced the final version of the
Kohara map with only seven minor gaps. Similar mapping of
YAC clones corresponding to the 9,454-kb chromosome of
Myxococcus xanthus (49) linked 409 YACs into 60 contigs.
So-called landmark analysis was used to group cosmids from

a library of Haloferax volcanii DS2 around ‘‘semirare’’ sites
(13). To recognize individual sites, cosmids were digested with
a frequently cutting enzyme together with a semirare one. Two
restriction fragments surrounding a semirare site can be
uniquely recognized for most chromosomal locations. Fifty-
nine contigs were further linked by cosmid walking and PFGE
to produce seven contigs.
Linking by hybridization. Most of the prokaryotic encyclo-

pedias were assembled by hybridization, an expansion of ge-
nome walking. If a cloned insert or its ends is used as a probe
against a gene library, it will identify a group of overlapping
clones. Since a representative number of clones (1 to 2,000 for
a prokaryotic genome) can be plated in a grid array, it is
possible to do several such hybridizations at a time. Selection
of new probes among ‘‘negative’’ clones can be used to opti-
mize the procedure, first applied to Mycoplasma pneumoniae
(88). The 1.7-Mb genome of Helicobacter pylori was covered by
60 such steps grouped in five consequent sets (10). Three
hundred steps (with large redundancy) were used in the com-
plete mapping of the 3.7-Mb genome of R. capsulatus (33). A
total of 764 probes were used for the 14-Mb genome of Schiz-
osaccharomyces pombe (39).
Several elements are essential for successful cosmid align-

ment. One element is a preliminary grouping of clones using
MRFs or YACs. This helps choose evenly dispersed probes for
the initial step of walking. An improvement is to pool the
probes in a 2-D scheme. Groups of 12 probes each, in which
each cosmid is represented in two groups, were used as probes
(39). This approach increases the informational content of
hybridization patterns, reducing the number of hybridizations
required. However, this approach is very sensitive to failures in
experimental procedure.
Another key element in assembly is the size of the probe.

The use of phage promoters in the vector, transcribing the

ends of the inserts in vitro, has been replaced by primer ex-
tension using PCR (62). This can reduce the probe size from 5
to 15 kb to 500 bp, reducing the chance of hitting repeated
elements, which causes ambiguities in assembly. On the other
hand, whole cosmids were used as probes to reveal all possible
repeats in the genome of S. pombe (39).
Oligonucleotide fingerprinting. In the latter work, a set of

11- and 12-nt oligonucleotides was also used as a supplement
for cosmid grouping (39). A discussion of this technology can
be found elsewhere (35). We can expect substantial improve-
ments in this area as a by-product of the development of
‘‘sequencing by hybridization’’ with arrays of oligonucleotides.
Encyclopedias derived from genetic maps. A total of 310

clones of the Clark-Carbon collection selected from 2,200
ColE1 plasmids harboring 10- to 14-kb inserts of the E. coli
genome were ordered by genetic complementation, hybridiza-
tion with cloned genes, and protein overexpression and posi-
tioned according to the E. coli genetic map. A total of 518
other clones were mapped by hybridization with the Kohara
miniset (65). YACs of an encyclopedia of B. subtilis were
assigned by using the genetic map of this organism (2).
Summarizing, it becomes obvious that there is a wide choice

of strategies for encyclopedia assembly in bacterial genome
projects. In our view, a combination of hybridization using
small probes with limited restriction mapping of the encyclo-
pedia elements provides the most efficient way to assemble
complete maps without ambiguities.

SEQUENCING PROJECTS

After a decade of scientific development, it has become
apparent that the resolution of genome maps based on PFGE
and encyclopedias is often insufficient. PFGE analysis and en-
cyclopedia construction and alignment should be considered as
important but preliminary stages on the way to deeper knowl-
edge that can be achieved only by large-scale sequencing
projects supplemented with a functional description of the
genome.
The E. coli 1993 update of the compilation of DNA se-

quences (47) involves 2,353 kb (49.87% of the genome) of
sequences. For B. subtilis, 650 kb was represented in nonre-
dundant parts of 450 GenBank entries (37). Two to three
hundred kilobases are sequenced for at least a dozen other
microorganisms. These data are the result of random efforts of
the scientific community.
Parallel to random sequencing, systematic sequencing

projects have been started with several microorganisms. The
most progress has been achieved in the E. coli genome project.
Twenty percent of the genome between min 80 and 100 was
sequenced in Madison, Wisconsin (for example, reference 6).
An area between min 0 and 33 is being studied in several
laboratories in Japan. About 140 kb of the B. subtilis genome
has already been published as part of the work of the European
sequencing consortium (37, 82). More than 220 kb of the
chromosome of Mycobacterium leprae has been sequenced
(89). Analysis of the first sequenced cosmid revealed 12 iden-
tifiable genes, representing 40% of the coding capacity of the
sequenced region (41). Gene encyclopedias were used as the
starting material in all these projects.
A less laborious version of a total genome project, a genome

survey, was applied toMycoplasma genitalium to provide mark-
ers for its physical mapping (68). Recognizable pieces of 97
proteins, 12 IS elements, and an rrn operon were found in
shotgun sequencing of 508 random clones. The sampled ele-
ments cover 340 kb, that is, 59% of the 600-kb genome of this
organism.
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Genome sequencing projects are usually accompanied by
systematic functional analyses. For example, 23 transcripts
from vegetative and sporulating cells of B. subtilis were
mapped for a large sequenced region, spoVAF to serA (3). For
E. coli, transcripts generated under seven different conditions
were located by using the Kohara miniset as the template for
hybridization (18). This work was done with the ordered set of
clones, without applying sequencing information. However,
the use of PCR-generated templates, corresponding to open
reading frames (based on sequences) increased the specificity
of such mapping at least 10-fold (17).

CURRENT STATUS OF BACTERIAL MAPS

Physical maps are now available for at least 93 organisms.
Eighty of the 93 were constructed by PFGE, and 13 were
constructed via gene encyclopedias. Different numbers of in-
dependent physical maps of species in the following taxonomic
groups have been done: Streptomycetes, 2; Archae, 7; Neisseria,
3; Salmonella, 4; Rhizobium and Bradyrhizobium, 2; Borrelia, 2;
other Spirochaetacea spp., 5; Campylobacter, 5; cyanobacteria,
3; Enterococcus, 1; Mycoplasma, 10; Lactococcus, 2; Myxococ-
cus, 2; Stigmatella, 1; Streptococcus, 3; Haemophilis, 3; Clos-
tridium, 2; Pseudomonas, 3; Rhodobacter, 2; Escherichia, 8;
Bacillus, 7; Helicobacter, 2; Mycobacterium, 2; Bordetella, 1;
Caulobacter, 1; Listeria, 1; and Acholeplasma, 1.
Genome size, plasmids, and chromosome topology. Physical

methods provided direct measurements of genome content for
various microorganisms. The smallest genomes were found
among Mycoplasma spp. (600 to 1,200 kb). Microorganisms
with genome size around 2 Mb exist in various groups (many
Archae, Neisseria, Helicobacter, Haemophilus, and Streptococ-
cus spp.). Rhodobacter, Salmonella, Escherichia, Bacillus, and
Pseudomonas spp. all have genomes around 4 to 5 Mb. The
largest genomes were found in microorganisms capable of
complicated differentiation, such as Streptomyces spp. (8 Mb),
Bradyrhizobium spp. (8.7 Mb), Myxococcus spp. (9.5 Mb), and
Anabaena spp. (6.5 Mb). Clustering of the genome sizes in a
1-2-4-8 Mb progression is consistent with old ideas of evolution
via duplication or merging of different genomes.
On the other hand, genome size may vary drastically within

a single taxonomic group (1 to 5 Mb for Spirochaeta spp.; 2.7 to
6.5 Mb for cyanobacteria). Events significantly changing ge-
nome size, such as 2-Mb deletions in Streptomyces ambofaciens,
have been identified (50). The genome sizes of different strains
of the same species, S. ambofaciens, can vary from 6.5 to 8 Mb.
More than one large replicon was found in several microor-

ganisms. This is not an essential property of a distinct group,
since closely related species can differ in the arrangement of
their genomes. For example, the genome of R. capsulatus con-
sists of a 3.7-Mb chromosome and often a 130-kb plasmid (34),
but two chromosomes, 3.05 and 0.9 Mb, were found in the
closely related Rhodobacter sphaeroides (84). The genome of R.
meliloti is divided into 3.4-, 1.7-, and 1.4-Mb chromosomes
(40), while the related B. japonicum has one 8.7-Mb chromo-
some (48). Pseudomonas cepacia harbors 3.4-, 2.5-, and 0.9-Mb
chromosomes (16), while P. aeruginosa PAO has one 5.9-Mb
chromosome (73).
According to the taste of the researchers, the 900-kb ele-

ment of R. sphaeroides was called the second chromosome,
while the two 1.7 and 1.4-Mb elements of R. meliloti were
called plasmids. Most of these smaller elements carry essential
genes, thus deserving the name chromosome. Even the 350-kb
‘‘plasmid’’ of Leptospira interrogans carries such genes (89).
However, none of several hundred auxotrophic mutations of

H. volcanii was complemented by DNA fragments from its
three large plasmids, which comprise 1/3 of its genome (20).
The dogma concerning the circular structure of bacterial

chromosomes was shaken after the discovery of linear chro-
mosomes of Borrelia burgdorferi (32). Another example was
added in 1993, when such chromosomes were found in Strep-
tomyces spp. first for Streptomyces lividans 66 (51) and then for
Streptomyces coelicolorA3(2) (52). A suicide vector was used to
replace and link the ends of this linear chromosome. No dif-
ferences in viability or segregation were found for the circular
derivative so constructed (52). Strong noncovalent binding of
the chromosomal ends, circle-linear oscillations, and pseudo-
linkage caused by repeats have been offered to explain the
phenomena of circular genetic maps obtained for linear phys-
ical structures. One linear (2.2-Mb) and one circular (3.0-Mb)
chromosome in Agrobacterium tumefaciens (1) shows another
possible genome structure.
Physical maps: resolution, number of markers, and compar-

ison with genetic maps. Most of the physical maps carry ge-
netic markers localized mainly by hybridization. The resolution
of these maps, defined as the size of a minimal element of the
map (MRF or clone in encyclopedia) assigned to a certain
gene, may vary from one to several hundred kilobases. Genes
carrying Tn insertions marked by rare RSs can be mapped with
much greater resolution. In this case, the gene is represented
not by a positive fragment but by an additional site splitting it,
which can be located with the accuracy of the electrophoresis
used. Encyclopedias generally have much higher resolution
than PFGE-generated maps, especially when restriction maps
of their elements are constructed. Mapping cosmids with l
terminase simplifies this task (70).
The joint efforts of scientists in France, Germany, and the

United States produced a combined physical-genetic map of E.
coli. A total of 495 sequenced contigs were assigned to nearly
8,000 restriction fragments ordered in the Kohara map (58).
The map itself was corrected in the areas where sequencing
data were available, which already cover 50% of the genome.
The Kohara map turned out to be highly accurate, although
loss of closely spaced sites resulted in underestimating 5 to
15% of them (19). A total of 1,356 genes from the last edition
of Bachmann’s map were supplemented by 361 new ones,
mainly derived from Rudd’s EcoGene6 (74), and grouped by
functions (72). Nearly 200 new genes were rescued from
‘‘scratches’’ (pieces of open reading frames in already screened
sequences) by applying more-powerful gene search algorithms
(8).
A total of 139 nonallelic auxotrophic mutations were as-

signed to cosmids of an encyclopedia of H. volcanii (20) by
cosmid transformation of the mutant strains. A total of 54 loci
of tRNA, 2 IS elements, and 12 cloned genes were located with
high resolution on the MluI-digested cosmid miniset contain-
ing about 900 mapped sites.
About 70 probes were used to localize 200 genes identified

in various Rhodobacter species on a cosmid miniset of R. cap-
sulatus with an accuracy of 1 to 5 kb. The total number of RSs
mapped on its genome exceeds 3,000. Sixty-three of 79 known
genes were located on the map of B. japonicum (48). Twenty-
eight new markers were added to the map of N. gonorrhoeae
(27) on which about 60 genes had been located already. More
than a hundred Tn elements in or near specific developmental
genes were positioned on the 9.5-Mb chromosome of M. xan-
thus (14).
Clustering of genes related to certain functions, like the

46-kb ‘‘photosynthetic cluster’’ of Rhodobacter species, was
shown for many microorganisms by conventional cloning or
genetic mapping. It was expected that physical mapping of
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genomes would reveal more such cases. However, many cases
in which functionally linked genes are scattered all over the
genome have been found instead.
Rearrangements and conservation of the Ceu skeleton. Se-

quencing data were used to establish phylogenetic relations
among strains and to build evolutionary trees for individual
genes. However, these trees for different genes have differ-
ences that, in some cases, may be attributed to recent acqui-
sition of very remote foreign genes (horizontal transfer) (56).
Even without horizontal transfer, recombinational exchange of
gene blocks among closely related strains, similar to that de-
scribed for lambdoid phages, can produce a mosaic structure of
the genome. Evolutionary relations for genes within different
blocks would be different and therefore a treelike scheme of
strain relations would not be the best one.
Certain factors conserve gene order in chromosomes. Tn10-

plac-lacZ inserted at various distances from the origin of the E.
coli chromosome revealed a threefold expression gradient (61).
Adaptation of gene regulation to this effect, caused by a higher
copy number of DNA regions adjacent to the origin, can be
one of such factors. Various inversions in the E. coli genome
reduce its fitness (38), which can be restored by spontaneous
reinversions.
Indirect evidence of a stable three-dimensional structure of

the Salmonella chromosome resulted from a study of the dis-
tribution of the ends of rearrangements induced by Tn10 (76).
This transposon induced inversions that are clustered. The
distance between the first end, fixed at the site of initial inte-
gration, and the second end is a multiple of 100 kb, the possible
size of a conserved chromosomal domain. To discover more
details of the conservation of elements of the genome among
different bacteria, numerous comparisons of the physical maps
were made. This task is difficult to fulfill by comparing remote
groups of bacteria, because different markers are available for
different groups. It is hard to align 120 developmental genes
mapped in the Myxococcus genome with 200 genes mapped in
the Rhodobacter genome that are mainly related to photosyn-
thesis and nitrogen fixation. The problem of such comparisons
can be solved if mapping is done with conserved PCR primers
already described for recA, rrl, and genes of macromolecular
biosynthesis operons and for some other major housekeeping
genes. In a few cases, when such comparisons among distantly
related organisms were performed, there was no visible con-
servation in the positions of any genome elements, possibly
because of a fragmentary database. However, this comparison
between closely related strains or species has revealed impor-
tant conserved features.
We noticed that all organisms analyzed from this standpoint

cover a broad spectrum of genome structure conservation. At
one extreme, including E. coli and Salmonella, Streptomyces,
Neisseria, Lactococcus, Clostridium, and Mycoplasma spp., al-
most absolute conservation of gene order can be traced by
comparing different strains, species, and sometimes even dif-
ferent genera. At the other extreme, we find Bacillus, Rhodo-
bacter, Helicobacter and perhaps Leptospira spp. and several
cyanobacteria. Here, the gene order for different strains of the
same species is highly rearranged, and no long-range conser-
vation of the genetic map can be observed among members of
the same genera.
By comparing E. coli and S. typhimurium, it has been shown

that their gene order and populational structure are very
strongly conserved. The world population of E. coli, more than
a thousand isolates analyzed by multilocus protein electro-
phoresis (77), was called clonal because of the absence of
traces of recombinational events. In studies establishing strain
relations in E. coli and Salmonella spp. based on comparison of

the gene sequences of proline permease (63) and many other
proteins, a few cases of intragenic recombination were found.
However, evidence for a mosaic structure of the E. coli chro-
mosome was provided by Milkman (60), who used sequencing
and multilocus restriction mapping of 15 regions of 72 strains.
High-resolution maps derived from encyclopedias are avail-

able for at least three strains of E. coli K-12: W3110 (44);
BHB2600 (5) and 803 (43). PFGE-generated patterns for these
strains differ in the positions of three or five NotI fragments of
22 (32a), typical for interstrain differences for various micro-
organisms. However, for the pair of W3110 and BHB2600, only
15 losses and 13 gains of EcoRI fragments (of 610 RSs for
W3110) were observed (5). This number is close to the error of
the experiment. The same high level of conservation of the
restriction maps is demonstrated in the comparison of strains
W3110 and 803 of E. coli (43). The large number of genome
differences, shown for different strains of E. coli, ranging from
almost a megabase inversion in the W3110 lineage (relative to
most K-12 strains) to numerous small deletions, does not
change the overall picture of this extreme stability. The same
stability was found comparing different Salmonella species.
Only half of the rare RSs were conserved at the same positions
of the maps of S. typhimurium and Salmonella paratyphi, show-
ing a relatively large evolutionary distance between these spe-
cies. However, all 61 genes physically mapped by Tn10 inser-
tions in the chromosome of S. paratyphi are colinear in the two
organisms (53). The level of divergence of nucleotide se-
quences of E. coli and S. typhimurium is 5 to 25% for different
genes. It is impossible to see conservation in XbaI maps of the
genomes of these organisms or in high-resolution maps of most
areas. However, CeuI restriction maps for several strains of E.
coli and S. typhimurium (54) are almost identical, revealing
nearly absolute conservation of the rrn operon skeleton for
these two genera.
Other examples from the first group of bacteria are provided

by maps of 10 strains of Clostridium perfringens, stapled by 11
gene probes and 17 anonymous cloned fragments (11). Colin-
earity of the maps made it possible to construct a consensus
map where 10 variable areas were located. In the case of S.
lividans and S. coelicolor, most linking clones were applicable
to both organisms, the gene order was colinear, and PFGE-
generated restriction maps resemble each other. These results
are especially surprising, because this genus was considered to
be highly recombinogenic, undergoing large chromosomal re-
arrangements (50).
Results of the comparison of four strains of Bacillus cereus

and Bacillus thuringiensis are typical for organisms of the sec-
ond group (12). Twenty-five probes were used to align the
genomes of these strains, which are split into 10 to 16 intervals
by mapped NotI sites. Even this low resolution is sufficient to
reveal that the few patches of similarity in probe order are
interrupted by numerous rearrangements, placing most of the
genes as far as 1 to 2 Mb from their location in the other
strains. Only two-thirds of the probes cloned from one of the B.
cereus strains hybridize with all the others. In fact, two strains
of B. cereus appear to be closer to B. thuringiensis than to the
other B. cereus strains.
Genetic maps of two Rhodobacter species differ even in the

number of chromosomes and rrn operons (33, 84). There is
also no similarity in long-range gene order in any substantial
segment of their chromosomes, though operon structure is
similar for many genes studied. The EcoRV and BamHI maps
of 2-Mb segments of encyclopedias of three strains of R. cap-
sulatus were compared by using 100 probes specific to the ends
of linked cosmids. Conservation of 50 to 70% of RFs is suffi-
cient for precise alignment of the fragments, confirmed by blot
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hybridizations. The chosen area of the genome, uninterrupted
in strain SB1003, is split into seven pieces in the St. Louis
strain. This scrambled structure of the genome differs greatly
from the structures seen in the first group of microorganisms.

APPLICATIONS AND FUTURE DEVELOPMENT

Gene mapping and repeated elements. PFGE-separated
MRFs and clones making up an encyclopedia were used as
hybridization templates in various mapping experiments. For
example, a set of generalized probes complementary to parts of
REPs (repetitive extragenic palindromic sequences) was used
to probe the Kohara set (29). Ninety-four strongly positive and
23 ambiguously positive clones were found. A total of 112 such
REP elements already exist in the database covering 38% of
the E. coli genome. This points out that a database search can
be as powerful as a direct experiment for a well-characterized
organism.
Splitting the hybridization template into smaller pieces can

help to reveal signals masked by higher DNA complexity in
other types of hybridization. The miniset of 192 cosmids of R.
capsulatus can be divided into 560 EcoRV fragments. Probing
this gel blot with a fragment of the gene encoding glutamine
permease revealed its precise location, but 20 additional weak
signals were found in other EcoRV fragments. When the probe
was split into two parts, one containing the conserved per-
mease domain and the other containing its regulatory region,
the group of weak signals was also divided into two sets.
Transcripts. The gene encyclopedia of E. coli was used to

study its global regulatory network—a systematic description
of genome expression at the RNA level. RNAs taken from
cells grown under different conditions were hybridized with
phage DNAs from the Kohara library (18). The hybridization
targets were 20-kb phage inserts, which carried many genes,
masking some differences in gene expression. Even so, differ-
ences of an order of magnitude were observed by comparing
hybridization intensities produced by different RNAs. Total
RNA induced by heat shock revealed 26 new heat shock-
coexpressed genes, almost tripling the number of known heat
shock genes. It was further demonstrated that cutting the DNA
hybridization targets into smaller (gene-size) pieces raised the
sensitivity 10 times (17).
Proteins. Systematic functional descriptions of bacterial ge-

nomes can be extended to the protein level by using gene
encyclopedias as starting material. A derivative of pSC101 was
used to express recloned inserts from three Kohara phages
(75). An expression system with a very efficiently regulated T7
promoter was used. About a dozen genes were expressed from
each insert in perfect agreement with the spots expected and
identified on 2-D gels. Some new protein products were found
and virtually total representation of the coding capacity was
achieved even for genes totally repressed under standard phys-
iological conditions. All E. coli proteins visible on 2-D gels can
be linked to their genetic determinants by this approach.

CONCLUSIONS

It is both realistic and appropriate to anticipate the full
characterization of bacterial chromosomes in terms of gene
order, both short and long range, the global regulation of gene
expression, and the complete elucidation of coding capacity in
terms of proteins and nontranslated RNA. Achievement of
these goals will require total sequencing, expression studies,
and protein characterization.
Many paths have led to descriptions of the physical maps of

bacterial chromosomes. If the goals of expression studies and

protein characterization are included in the original formula-
tion of strategy for a particular organism, it is clear that gene
encyclopedias must be a component of the mapping scheme.
We believe that cosmids such as Lorist 6 provide a good com-
promise with respect to insert size, being large enough to cover
a bacterial chromosome with several hundred clones yet small
enough to be mapped easily and displayed in gene-size frag-
ments in a single gel lane. Mapped cosmids are also a good
starting point for a total sequencing project, whether the se-
quencing is shotgun, is totally directed by PCR primers, or is a
combination of the two. The cosmids provide constant feed-
back to the sequencers with respect to mapped genes, and they
allow the chromosomal map to be developed logically.
Mapping projects have already revealed substantial plasticity

in bacterial genomes. As sequencing projects proceed, close
comparison of several closely related strains may define better
the events that create the diversity seen at the level of the
current physical maps. Finally, it must be pointed out that the
vast amount of information that will flow from total sequencing
projects will further increase the gaps between those research-
ers working on the few well-studied organisms and everyone
else.
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